All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Areca nut chewing that is most frequently done in Asia, is a major risk factor for oral squamous cell carcinoma (OSCC) \[[@pone.0192009.ref001]\]. Arecoline is the main alkaloid in areca nut and is known to have cytotoxic, genotoxic and mutagenic properties, contributing to histologic changes and other biological consequences \[[@pone.0192009.ref002], [@pone.0192009.ref003]\]. It is likely that the effects of arecoline vary depending on cell type, individual idiosyncrasy and dose. However, little is known as yet about the various effects of arecoline.

Activation of c-Myc is a critical process in cancer development/progression \[[@pone.0192009.ref004]\]. Various factors can induce c-Myc expression by activation of mitogenic signaling cascades, including IL-6/STAT3 signaling cascade, etc \[[@pone.0192009.ref005]\]. The few studies about the effect of arecoline on c-Myc induction have been controversial.

MicroRNAs (miRNAs) are small interfering RNAs that act in post-transcriptional repression. Many studies have indicated that arecoline dysregulates several miRNAs. Recent studies have suggested that arecoline can repress p53, which is necessary to induce miR-22 expression \[[@pone.0192009.ref006], [@pone.0192009.ref007]\]. In addition, c-Myc also directly suppresses miR-22 expression \[[@pone.0192009.ref008]\]. Furthermore, miR-22 acts as a tumor suppresser in a variety of cancers \[[@pone.0192009.ref009], [@pone.0192009.ref010]\]. However, the role of miR-22 on OSCC remains unknown.

Oncostatin M (OSM) is an IL-6 family inflammatory cytokine which has a number of properties. It is mainly produced in neutrophils, T lymphocytes, macrophages as well as cancer cells \[[@pone.0192009.ref011]\]. However, the role of OSM in carcinogenesis is still debated. Some reports indicated that OSM inhibits tumor growth and metastasis in melanoma \[[@pone.0192009.ref012]\], lung cancer \[[@pone.0192009.ref013]\], etc. Inversely, OSM has been reported to induce tumor growth and metastasis in ovarian cancer \[[@pone.0192009.ref014]\], breast cancer \[[@pone.0192009.ref015]\] and osteosarcoma \[[@pone.0192009.ref016]\]. The function of dysregulated endogenous OSM in cancer cell lines, including in OSCC cell lines, is still unknown.

In present study, we hypothesized that arecoline induces oral carcinogenesis by increasing c-Myc expression, consequently reducing miR-22 levels causing dysregulation of OSM. Thereby, the effects of arecoline on cell viability and cell-cycle progression of OSCC cells were investigated. The corresponding expressions of various target genes including IL-6, STAT3, c-Myc and miR-22 as well as OSM were also determined. In addition, the effects of miR-22 on post-transcriptional repression of OSM as well as miR-22 functions were studied to more elucidate mechanism by which arecoline might influence OSCC development/progression.

Materials and methods {#sec002}
=====================

Cell line and cell culture {#sec003}
--------------------------

Human OSCC cell lines; ORL-48(T) which is well differentiated SCC cell line that originated from mouth/gum with non-betel quid habit and ORL-136(T) which is well differentiated SCC cell line that originated from tongue with betel quid habit, kindly provided by Prof. Sok Ching Cheong (Cancer Research Initiatives Foundation, Sime Darby Medical Centre Jaya, Malaysia), were cultured in DMEM/F12 (Gibco-Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco-Life Technologies), hydrocortisone (Sigma-Aldrich, Taufkirchen, Germany) and antibiotics (Gibco-Life Technologies) \[[@pone.0192009.ref017]\]. Human embryonic kidney 293FT cell line (HEK 293FT, Invitrogen, Carlsbad, CA, USA) was maintained in DMEM supplemented with 10% FBS and antibiotics. All of them were maintained in an incubator with an atmosphere at 5% CO~2~ and at 37°C.

pGL3-Basic vector carrying the c-*myc* promoter {#sec004}
-----------------------------------------------

PCR was used to amplify the c-*myc* core promoter from HeLa genomic DNA using the c-Myc promoter primer as shown in [Table 1](#pone.0192009.t001){ref-type="table"}. PCR conditions are described in Supporting information: [S1 Table](#pone.0192009.s001){ref-type="supplementary-material"}. The 468 bp PCR product was purified using a HiYield^™^ Gel/PCR DNA Fragments Extraction Kit (RBC Bioscience, Taipei, Taiwan) and cloned into pGEM-T vector (Promega, Madison, WI, USA). The constructed plasmid was transformed into *Escherichia coli* (*E*. *coli*) strain DH5α. The product containing c-*myc* core promoter in pGEM-T vector was subcloned into the pGL3-Basic vector, which lacks eukaryotic promoter sequences and contains the firefly luciferase (Promega) as a reporter. The c-*myc* core promoter sequence was confirmed by sequencing analysis.

10.1371/journal.pone.0192009.t001

###### Primer sequences.

![](pone.0192009.t001){#pone.0192009.t001g}

  --------------------------------------------------------------------------------------------------
  Primer           Oligonucleotide sequence                         Size (bp)
  ---------------- ------------------------------------------------ --------------------------------
  IL-6             F: `5′-CTTCGGTCCAGTTGCCTTCT-3′`\                 86 \[[@pone.0192009.ref018]\]
                   R: `5′-TGGAATCTTCTCCTGGGGGT-3′`                  

  STAT3            F: `5′-CTGGCCTTTGGTGTTGAAAT-3′`\                 202 \[[@pone.0192009.ref019]\]
                   R: `5′-AAGGCACCCACAGAAACAAC-3′`                  

  c-Myc            F: `5′-CCACTCGGAAGGACTATCCTGCTG-3′`\             152
                   R: `5′-GCGCTCCAAGACGTTGTGTGTTCG-3′`              

  c-Myc promoter   F: `5ʹ-GGTACCTCCTCTCTCGCTAATCTCCGC-3ʹ`\          468
                   R: `5′-AAGCTTCGGGAGGGCTGGGCCAGA-3ʹ`              

  OSM              F: `5′-CTCGAAAGAGTACCGCGTG-3′`\                  119 \[[@pone.0192009.ref020]\]
                   R: `5′-TCAGTTTAGGAACATCCAGGC-3′`                 

  miR-22           F: `5ʹ-AGCG GACGCAGTGATTTGCT-3ʹ`\                347
                   R: `5ʹ-AACGTATCATCCACCCTGCT-3ʹ`                  

  miR-22 cloning   F: `5′-GGTACCAGCGGACGCAGTGATTTGCT-3′`\           359
                   R: `5′-GGATCCAACGTATCATCCACCCTGCT-3′`            

  OSM 3\'UTR WT    F: `5'-CAGTCTAGACATTGATTCAGGGGTCTGATGACAC-3'`\   433
                   R: `5'- CGTCTAGAAGGGAATCCAAGCAACCGACAGG-3'`      

  OSM 3\'UTR Mut   F: `5'-GACCTAACTTTACGGAGGTGTAACAGCG-3′`\         428
                   R: `5’-CGCTGTTACACCTCCGTAAAGTTAGGTC-3′`          

  Actin            F: `5′-TCACCCACACTGTGCCCATCTACGA-3ʹ`\            294 \[[@pone.0192009.ref021]\]
                   R: `5ʹ-CAGCGGAACCGCTCATTGCCAATGG-3ʹ`             

  GAPDH            F: `5′-TCATCAGCAATGCCTCCTGCA-3ʹ`\                117 \[[@pone.0192009.ref022]\]
                   R: `5′-TGGGTGGCAGTGATGGCA-3ʹ`                    
  --------------------------------------------------------------------------------------------------

pIRES-miR-22 vector {#sec005}
-------------------

The miR-22 fragment containing the stem-loop sequence was amplified from ORL-48(T) cDNA using specific primers as shown in [Table 1](#pone.0192009.t001){ref-type="table"}: Hsa-miR-22-forward and reverse primers (with *Kpn*I and *Bam*HI restriction site, respectively). PCR conditions are described in Supporting information: [S1 Table](#pone.0192009.s001){ref-type="supplementary-material"}. The fragment was cloned into pGEM-T vector and then subcloned into pIRES2-EGFP vector (Clontech, Palo Alto, CA, USA).

pGL3-OSM 3ʹUTR (untranslated region) WT and Mut vectors {#sec006}
-------------------------------------------------------

OSM 3ʹUTR WT were amplified from ORL-48(T) cDNA using specific primers with *Xba*I restriction site ([Table 1](#pone.0192009.t001){ref-type="table"}). The mutant of OSM 3ʹUTR was amplified by PCR-based site-directed mutation using OSM 3′-UTR Mut-forward and reverse primers. PCR conditions are described in Supporting information: [S1 Table](#pone.0192009.s001){ref-type="supplementary-material"}. Both OSM 3ʹUTR WT and Mut were cloned into pGEM-T vector and then subcloned into *Xba*I-digested pGL3-Control vector (Promega).

MTT assay for determination of cell cytotoxicity and cell proliferation {#sec007}
-----------------------------------------------------------------------

To determine cytotoxicity of arecoline, 4 x 10^4^ cells of ORL-48(T) or ORL-136(T) cells were seeded into each well of 96-well tissue culture plates, and maintained in complete medium for 24 hours. The cells were treated with arecoline (Sigma-Aldrich, St. Louis, MO, USA) at 0, 25, 50, 100, 200, 400, 800 and 1,200 μg/ml in triplicate for 24 hours. Cell viability was determined by MTT assay.

To determine the effect of arecoline on cell proliferation, 5 x 10^3^ cells of ORL-48(T) and ORL-136(T) cells in serum-starved DMEM/F12 medium were seeded into each well of 96-well tissue culture plates for 24 hours. The cells were treated with arecoline at 0, 0.025, 0.25, 2.5 and 25 μg/ml in serum-starved DMEM/F12 medium in triplicate for a further 24 hours. Cell proliferation was determined by the MTT assay.

By MTT assay, 10 μl MTT (5 mg/ml) was added to each well. After 4 hours, the medium was removed and the water-insoluble purple formazan particles were dissolved in 100 μl DMSO solution. The absorbance was read at 570 nm with a Microplate Reader (TECAN, Salzburg, Austria).

Flow cytometry for cell-cycle analysis in arecoline-treated and miR-22-transfected ORL-48(T) cells {#sec008}
--------------------------------------------------------------------------------------------------

In arecoline-treated cells, 10^5^ ORL-48(T) cells were seeded into 6-well tissue culture plates. Cells were synchronized by serum starvation for 24 hours then treated with 0, 0.025 and 25 μg/ml arecoline for 24 hours. For miR-22-treated and untreated cells, 10^5^ ORL-48(T) cells were transfected with mock control and pIRES-miR-22 for 6 hours and then transfected cells were cultured in complete medium (DMEM + 10% FBS) and incubated for 24 hours. In both experiments, cells were detached with 0.25% trypsin solution, washed twice with phosphate-buffered saline (PBS) and fixed with 70% ethanol at 4°C for 24 hours. Propidium iodide (PI) solution containing 1X binding buffer, 20 μg/ml PI (BD Pharmingen, Heidelberg, Germany) and 0.5U RNase A (Sigma) was freshly prepared to stain the cells. After incubation for 20 minutes, cells were analyzed using flow cytometry (Becton Dickinson FACSCanto II, USA). Triplicate independent experiments were performed.

RT-PCR for determination of IL-6, STAT3, c-Myc, miR-22 and OSM expression {#sec009}
-------------------------------------------------------------------------

RNA was extracted from cells including arecoline-treated/untreated cells; ORL-48(T) and ORL-136(T) cells and miR-22-transfected/untransfected cells; ORL-48(T) and ORL-136(T) cells using TRIzol^®^ reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from the extracted RNA with an Oligo (dT) primer using a SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instruction. The cDNA was used as the template to determine the expression of OSM, IL-6, STAT3, c-Myc and miR-22 using RT-PCR. GAPDH (for OSM, IL-6, STAT3 and c-Myc) and β-actin (for miR-22) were use as internal controls. Each reaction consisted of 4 μl of cDNA, 1X SsoAdvanced^™^ Universal SYBR^®^ Green Supermix (Bio-Rad Laboratories, Hercules, CA), 300 nM sense and 300 nM antisense primers. The RT-PCR was performed in the Light Cycler 480 (Roche Applied Science, Indianapolis, IN, USA). Fold change expression was calculated using ΔΔCt and relative to the untreated group. The primer sequences and RT-PCR conditions were shown in [Table 1](#pone.0192009.t001){ref-type="table"} and Supporting information: [S2 Table](#pone.0192009.s002){ref-type="supplementary-material"}. Each experiment was performed in triplicate.

Western blotting for determination of c-Myc and OSM protein {#sec010}
-----------------------------------------------------------

Protein from arecoline-treated and untreated, and miR-22 transfected ORL-48(T) and ORL-136(T) cells was isolated with radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS). OSM, c-Myc and actin proteins were determined by western blot using as primary antibodies rabbit anti-OSM (1:100 dilution; Sigma), mouse anti-c-Myc (1:100 dilution; clone 9E10, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and mouse anti-actin (1: 1,000 dilution; Sigma). The intensity of protein bands was measured using Image J 1.49v software (National Institutes of Health, Bethesda, MD, USA).

Determination of arecoline targeting c-*myc* promoter activity {#sec011}
--------------------------------------------------------------

500 ng pGL3-c-*myc* promoter (cMYCP) or pGL3-Basic (mock) vector was transfected into 4 x 10^4^ ORL-48(T) cells in 96-well plates for 6 hours and then maintained in DMEM complete medium with/without arecoline treatment for 24 and 48 hours. c-*myc* promoter activity was measured by luciferase assay using Bright-Glo™ system (Promega). The luciferase activity unit in pGL3-cMYCP-transfected cells was normalized with arecoline-treated mock controls and relative to the untreated group. This experiment was performed in triplicate.

Luciferase assay for determination of miR-22 targeting OSM 3′UTR-WT and OSM 3′UTR-Mut {#sec012}
-------------------------------------------------------------------------------------

250 ng pIRES-miR-22 and 100 ng pGL3-OSM 3′UTR WT or Mut vectors were co-transfected into 293FT cells. At 24 and 48 hours post transfection, luciferase activity in co-transfected cells was measured using the Bright-Glo™ system. Luciferase activity of p IRES-miR-22 and pGL3-OSM 3′UTR WT or Mut co-transfected cells was normalized against luciferase activity in cells co-transfected with pIRES2-miR-22- and pGL3-Control vectors, and was relative to the normalized luciferase activity of pIRES2-EGFP and OSM 3′UTR co-transfected cells with pIRES2-EGFP and pGL3-control co-transfected cells. This experiment was performed in triplicate.

Wound healing assay for determination of cell migration {#sec013}
-------------------------------------------------------

2 x 10^5^ ORL-48(T) cells were seeded into 24-well tissue culture plates for 24 hours and transfected with pIRES-miR-22 vector using Lipofectamine^®^2000. After transfection for 6 hours, the monolayer was gently and slowly scratched with a 10 μl pipette tip. Wound closure was determined at 0, 24, 48 and 72 hours under a microscope. Extent of wound closure was measured using NIS-Elements Advanced Research Imaging Software version 3.0. The cell migration assay was performed in triplicate in separate wells.

Statistical analysis {#sec014}
--------------------

Data are expressed as mean ± SEM (standard error of the mean). \*, \*\* and \*\*\* were denoted as significant difference in *P* \< 0.05, 0.01 and 0.001, respectively. Paired *t*-test was used for cell-cycle analysis. One-way ANOVA followed by Tukey's multiple comparison test was used to analyze cell viability and RT-PCR results in arecoline-treated and -untreated cells. Two-way ANOVA was used to analyze the significant level of luciferase activity between and within groups. All statistical analysis was performed using Prism5 software (GraphPad, San Diego, CA, USA).

Results {#sec015}
=======

High doses of arecoline were cytotoxic but low doses induced cell proliferation and cell-cycle progression {#sec016}
----------------------------------------------------------------------------------------------------------

To investigate the cytotoxicity of arecoline, ORL-48(T) and ORL-136(T) cell lines were treated with different concentrations of arecoline for 24 hours. [Fig 1A and 1B](#pone.0192009.g001){ref-type="fig"} showed cytotoxic levels of arecoline on ORL-48(T) and ORL-136(T) cells that were higher than 100 and 200 μg/ml, respectively. Arecoline at low concentration increased viability of both ORL-48(T) and ORL-136(T) cells ([Fig 1C and 1D](#pone.0192009.g001){ref-type="fig"}). These results demonstrated that arecoline at 0.025 μg/ml increased cell viability of OSCC cell lines, therefore, this concentration was used in further experiments.

![The effects of arecoline on cell viability and cell-cycle progression.\
Cytotoxicity (A and B) and cell proliferation (C and D) were determined in arecoline-untreated or treated OSCC cell lines at various concentrations for 24 hours using the MTT assay. Statistical significance of the differences of cell viability (%) was analyzed using One-way ANOVA followed by Tukey's multiple comparison test (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001). Cell-cycle phase distribution (E and F) in ORL-48(T) cells treated with 0 and 0.025 μg/ml of arecoline in synchronized condition was analyzed by flow cytometry. The percentages of G0/G1, S and G2/M population (G) of arecoline-treated cells were compared to untreated ORL-48(T) cells as control. Statistical significance of the differences of G2/M population was analyzed using Paired *t*-test (\**P* \< 0.05).](pone.0192009.g001){#pone.0192009.g001}

The effect of arecoline on cell-cycle progression was confirmed by flow cytometry. Arecoline at 0.025 μg/ml induced significant proliferation of ORL-48(T) cells by increasing the proportion of G2/M phase (8.9 ± 2.8% G2/M cells) when compared to untreated cells (3.9 ± 1.2% G2/M cells) as shown in [Fig 1E, 1F and 1G](#pone.0192009.g001){ref-type="fig"}.

The effects of arecoline on c-*myc* promoter and expression {#sec017}
-----------------------------------------------------------

c-Myc is a transcriptional activator and repressor of various target genes, contributing to many biological processes especially cell proliferation \[[@pone.0192009.ref005]\]. c-Myc is a likely target for arecoline. However, the effect of arecoline on c-Myc expression is debated. In order to explore this effect, expression of c-Myc in arecoline-treated ORL-48(T) cells was assayed using real time polymerase chain reaction (RT-PCR) and western blot. In the arecoline-treated cells, c-Myc expression was increased at both the mRNA and protein levels ([Fig 2A and 2B](#pone.0192009.g002){ref-type="fig"}). The level of c-Myc mRNA and protein in cells treated with 0.025 μg/ml arecoline was significantly higher than in the other treatments ([Fig 2C and 2D](#pone.0192009.g002){ref-type="fig"}). This indicates that arecoline can upregulate c-Myc expression.

![The effects of arecoline on c-Myc expression and transcriptional activity.\
ORL-48(T) cells treated with 0, 0.025 and 25 μg/ml of arecoline for 24 hours were assayed to determine levels of c-Myc expression in mRNA (RT-PCR) (A) and protein (western blot) (B). Relative c-Myc expression and relative intensity of c-Myc protein band were investigated in RT-PCR and western blot result (C-D). Statistical significance of the differences was analyzed using One-way ANOVA followed by Tukey's multiple comparison test (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001). Mock or pGL3-cMYCP vector-untransfected or transfected ORL-48(T) cells were treated with 0, 0.025, 0.25 and 25 μg/ml of arecoline for 24 and 48 hours (E). The transcriptional activity of the c-*myc* promoter was determined by luciferase activity. Statistical significance of the differences of luciferase activity was analyzed using Two-way ANOVA (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001).](pone.0192009.g002){#pone.0192009.g002}

To confirm this, a pGL3-Basic vector containing the c-*myc* core promoter (P1 and P2 regions) was constructed. ORL-48(T) cells were transfected with this vector. From 24 hours post-transfection, the cells were incubated with various concentrations of arecoline for 24 and 48 hours. Arecoline was shown to induce transcriptional activity of the c-*myc* promoter as shown in [Fig 2E](#pone.0192009.g002){ref-type="fig"}. At 0.025 μg/ml arecoline treatment, relative luciferase activity was significant higher than in untreated cells for 24 and 48 hours. This demonstrates that the low concentration (0.025 μg/ml) of arecoline could induce transcriptional activity of c-*myc* promoter, resulting in c-Myc upregulation. However, at higher concentrations of arecoline, transcriptional activity of the c-*myc* promoter was decreased.

Arecoline can induce IL-6/STAT3 upstream of c-Myc {#sec018}
-------------------------------------------------

IL-6/STAT3 signaling cascade induces many downstream targets and its dysregulation could contribute to initiation, promotion, and progression of tumor-associated inflammation \[[@pone.0192009.ref023]\]. c-Myc is a well-known target of IL-6/STAT3 \[[@pone.0192009.ref005]\]. Previous studies revealed that areca nut extract could induce IL-6 production, while arecoline decreased IL-6 levels \[[@pone.0192009.ref024]\]. In our finding, a low concentration of arecoline could induce c-Myc transcriptional activity. To more clarify the possible involvement of IL-6 and STAT3, therefore, ORL-48(T) and ORL-136(T) cells were treated with arecoline and investigated for IL-6 and STAT3 expression using RT-PCR. Expression of both IL-6 and STAT3 in ORL-48(T) seemed to decrease in cells treated with 25 μg/ml of arecoline, whereas it was significantly highest in cells treated with 0.025 μg/ml arecoline in both ORL-48(T) and ORL-136(T) cells ([Fig 3](#pone.0192009.g003){ref-type="fig"}). This result indicated that different arecoline concentrations and cell types may impact expression of its target genes. At 0.025 μg/ml arecoline could induce IL-6/STAT3 expression, possibly causing upregulation of the downstream target, c-Myc.

![Effect of arecoline on IL-6 and STAT3 in ORL-48(T) and ORL-136(T) cells.\
ORL-48(T) and ORL-136(T) cells were treated with 0, 0.025 and 25 μg/ml arecoline for 24 hours. Expression of IL-6 (A and D) and STAT3 (B and E) were investigated by RT-PCR and their amplicons were visualized by 2% agarose gel electrophoresis (C and F). Statistical significance of the differences of relative expression was analyzed using One-way ANOVA followed by Tukey's multiple comparison test (\**P* \< 0.05 and \*\**P* \< 0.01).](pone.0192009.g003){#pone.0192009.g003}

### The effect of arecoline on miR-22 expression in OSCC cell lines {#sec019}

Some studies have demonstrated that arecoline had a comprehensive effect on cellular gene expression, including expression of miRNA \[[@pone.0192009.ref025]\]. The role of arecoline in miRNA expression has received little investigation. A previous study have suggested that arecoline repressed expression of p53 \[[@pone.0192009.ref026]\], a protein that directly upregulates miR-22 \[[@pone.0192009.ref010]\]. Inversely, c-Myc directly inhibited miR-22 expression \[[@pone.0192009.ref008]\]. In addition, the role of miR-22 in OSCC has remained unclear. Therefore, to more elucidate the role of arecoline in epigenetic alteration especially tumor suppressing miR-22 in OSCC, ORL-48(T) and ORL-136(T) cells were treated with arecoline at 0, 0.025 and 25 μg/ml and the level of pri-miR-22 was examined by RT-PCR. In cells treated with 0.025 and 25 μg/ml of arecoline, miR-22 expression was significantly reduced ([Fig 4A and 4B](#pone.0192009.g004){ref-type="fig"}), in contrast to untreated cells. This result indicated that miR-22 could be suppressed by arecoline in OSCC.

![The effects of arecoline on miR-22 and OSM expression.\
Both ORL-48(T) and ORL-136(T) cells were exposed to 0, 0.025 and 25 μg/ml of arecoline for 24 hours. Pri-miR-22 expression was detected by RT-PCR. β-actin was used as internal controls (A-B). ORL-48(T) cells were treated with various concentrations of arecoline for 24 hours; then OSM mRNA expression in these cells was analyzed using RT-PCR (C-D). OSM protein levels in ORL-48(T) (E) and ORL-136(T) (F) cells were examined by western blot and relative intensities were analyzed by ImageJ 1.49v software (G-H). Statistical significance of the differences of relative expression was analyzed using One-way ANOVA followed by Tukey's multiple comparison test (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001).](pone.0192009.g004){#pone.0192009.g004}

OSM was a putative target of miR-22 and upregulated by arecoline {#sec020}
----------------------------------------------------------------

From *in silico* results, OSM is predicted as a target of miR-22 according to algorithms in TargetScanHuman Release 6.2 \[[@pone.0192009.ref027]\] and miRNA.org \[[@pone.0192009.ref028]\]. Interestingly, OSM promoted tumor growth and progression in several cancers \[[@pone.0192009.ref011]\]. OSM induced IL-6 and STAT3, with subsequent effects on many signaling cascades \[[@pone.0192009.ref029]\] and also induced c-Myc expression \[[@pone.0192009.ref030]\]. Moreover, dysregulation of c-Myc switched OSM function from cancer suppression to cancer promotion because OSM-induced senescence was inhibited by c-Myc \[[@pone.0192009.ref011]\]. Therefore, we aimed to investigate roles of arecoline and miR-22 on OSM expression in OSCC. We determined OSM mRNA and protein in ORL-48(T) and ORL-136(T) cell lines treated various concentrations of arecoline for 24 hours. OSM mRNA was significantly higher in cells treated with 0.025 μg/ml arecoline than in untreated cells ([Fig 4C and 4D](#pone.0192009.g004){ref-type="fig"}). Concordantly, OSM protein levels in ORL-48(T) and ORL-136(T) cells treated with arecoline were increased as shown in [Fig 4E, 4F, 4G and 4H](#pone.0192009.g004){ref-type="fig"}. This result firstly demonstrates that OSM expression is induced by arecoline and OSM is negatively correlated with miR-22.

OSM is a target of miR-22 {#sec021}
-------------------------

To further explore the negative correlation between miR-22 and OSM, two concentrations of pIRES-miR-22 vector were transfected into ORL-48(T) and ORL-136(T) cells. [Fig 5A and 5B](#pone.0192009.g005){ref-type="fig"} show miR-22 expression. Both mRNA and protein levels of OSM in ORL-48(T) cells transfected with pIRES-miR-22 were reduced when compared with controls ([Fig 5C, 5E and 5F](#pone.0192009.g005){ref-type="fig"}) whereas only OSM protein in pIRES-miR-22-transfected ORL-136(T) cells was reduced ([Fig 5E and 5G](#pone.0192009.g005){ref-type="fig"}). These results demonstrate that miR-22 reduces OSM expression and suggest that OSM may be a direct target of miR-22.

![Relative expression levels of miR-22 and OSM.\
100 and 500 ng/well of mock control (pIRES2-EGFP vector) and pIRES-miR-22 vectors were transfected into ORL-48(T) and ORL-136(T) cells. At 24 and 48 hours post-transfection, pri-miR-22 (A-B) and OSM (C-D) expression was determined by RT-PCR. Protein levels of OSM (E) were determined in ORL-48(T) and ORL-136(T) cells at 48 hours after transfection with 100 ng of mock control and pIRES-miR-22 vectors. Relative intensity of OSM protein band (F-G) was calculated using ImageJ 1.49v software. Statistical significance of the differences was analyzed using One-way ANOVA followed by Tukey's multiple comparison test (\**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001).](pone.0192009.g005){#pone.0192009.g005}

MiR-22 directly targets OSM {#sec022}
---------------------------

To further confirm that OSM is a direct target of miR-22, we tested whether miR-22 could suppress the 3′UTR of OSM. The OSM 3′UTR wild type (WT) or mutant (Mut) was cloned on downstream of the firefly luciferase gene in the pGL3-Control vector ([Fig 6A](#pone.0192009.g006){ref-type="fig"}). pGL3-OSM 3′UTR WT or Mut plasmid was co-transiently transfected into 293FT cells along with pIRES-miR-22 vectors or pIRES2-EGFR vector (negative control). Luciferase activity in pIRES-miR-22 and pGL3-OSM 3′UTR WT co-transfected cells was significantly decreased at 48 hours post-transfection but not in pGL3-OSM 3′UTR Mut compared to negative controls as shown in [Fig 6B](#pone.0192009.g006){ref-type="fig"}. This result revealed that OSM is the direct target of miR-22.

![MiR-22 targets OSM and miR-22 functions in cell proliferation, migration and cell-cycle assay.\
The construct of the miR-22 targets sequence within the OSM 3′UTR WT and Mut in pGL3-Control vector. The luciferase gene was linked to the 3′UTR WT and Mut of OSM. 293FT cells were co-transfected with 250 ng pIRES-miR-22 and 100 ng pGL3-OSM 3′UTR WT or Mut vectors (A). The normalized luciferase activity in pIRES-miR-22 and pGL3-OSM 3′UTR WT or Mut co-transfected cells was relative to normalized luciferase activity of pIRES2-EGFP and OSM 3′UTR WT or Mut co-transfected cells (B). A green fluorescence expression vector (pEGFP-N3) was transfected for monitoring transfection efficiency. Statistical significance of the differences of luciferase activity was analyzed using Two-way ANOVA (\**P* \< 0.05). Cell proliferation and migration in pIRES-miR-22-transfected ORL-48(T) cells were measured by a hemocytometer and wound healing assay at different incubation time points (C-E). The photograph was taken under 4X objective lens NIS-Elements Advanced Research Imaging Software version 3.0. Statistical significance of the differences of cell viability and wound closure was analyzed using Student\'s *t*-test (\**P* \< 0.05 and \*\*\**P* \< 0.001). Cell-cycle assay in miR-22 or mock-transfected ORL-48(T) for 48 hours post-transfection was performed by flow cytometry (F). Statistical significance of the differences of G2/M and G0/G1 population was analyzed using Paired *t*-test (\**P* \< 0.05 and (\*\**P* \< 0.01, respectively).](pone.0192009.g006){#pone.0192009.g006}

MiR-22 suppresses cell proliferation, migration and cell-cycle progression of OSCC cells {#sec023}
----------------------------------------------------------------------------------------

MiR-22 functions in OSCC cell line were determined in pIRES-miR-22-transfected ORL-48(T) cells. At 0, 24, 48 and 72 hours post-transfection, cell proliferation and migration were measured by a hemocytometer and wound healing assays, respectively. As expected, viability of cells with overexpressed miR-22 was lower than mock controls (pIRES2-EGFP-transfected cells) ([Fig 6C](#pone.0192009.g006){ref-type="fig"}). Moreover, migration of miR-22-transfected cells was suppressed, resulting in a lower extent of wound closure as shown in [Fig 6D and 6E](#pone.0192009.g006){ref-type="fig"}. Furthermore, cell population in G2/M phase of miR-22-transfected cells was significantly reduced when compared with mock controls ([Fig 6F](#pone.0192009.g006){ref-type="fig"}). This result has inversely correlated with arecoline-induced cell-cycle progression in G2/M phase ([Fig 1G](#pone.0192009.g001){ref-type="fig"}). Importantly, miR-22 that could be reduced by arecoline, acts as a tumor suppresser that suppresses cell proliferation, migration and cell-cycle progression in OSCC cells.

Discussion {#sec024}
==========

This study investigated the effects of various concentrations of arecoline on viability and proliferation of OSCC cells. We found that low concentration of arecoline induced proliferation and cell-cycle progression at the G2/M phase, whereas high concentration induced cell death. The effects of arecoline, therefore depend on its concentration and cell types \[[@pone.0192009.ref026], [@pone.0192009.ref031]\].

A report has indicated that a high dose of arecoline caused cell death in gingival keratinocytes (0.8--1.2 mM arecoline; \~ 188.8--283.3 μg/ml) and in oral KB carcinoma cells (0.4--1.2 mM arecoline; \~ 94.4--283.3 μg/ml) \[[@pone.0192009.ref024]\]. In agreement with our work, arecoline concentration lower than 0.8 μg/ml enhanced cell growth of oral fibroblasts, epidermal cells of the mouth and OSCC cell lines, whereas arecoline at higher concentrations (25--400 μg/ml) was cytotoxic \[[@pone.0192009.ref032]\].

Arecoline likely regulates c-Myc, which is well known to be a key driver of cell proliferation contributing to tumorigenesis \[[@pone.0192009.ref006], [@pone.0192009.ref033]\]. In this study, we found that arecoline can induce c-*myc* promoter transcriptional activity leading to high level expression of c-Myc protein. A recent study has suggested that arecoline can reduce IL-6 and STAT3 in a human hepatoma cell line at concentrations of 0, 3, 30 and 100 μg/ml \[[@pone.0192009.ref031]\]: in contrast, we found that arecoline treatment at 0.025 μg/ml could upregulate IL-6 and STAT3 mRNA expression in ORL-48(T) cells. These effects may also be linked to c-Myc upregulation. However, the exact mechanism of arecoline-induced IL-6/STAT3/c-Myc expression remains to be explored.

MiR-22 represses transcription of many gene targets, thereby having an important role in tumorigenesis \[[@pone.0192009.ref004]\], and is often downregulated in various cancers including lung cancer, colorectal cancer and breast cancer \[[@pone.0192009.ref009], [@pone.0192009.ref034], [@pone.0192009.ref035]\]. It also represses translation processes of many oncogenes such as SIRT1, Sp1, and CDK6, which are involved in cancer progression \[[@pone.0192009.ref004]\]. Interestingly, p53 tumor suppresser gene is a direct transcriptional factor for miR-22 \[[@pone.0192009.ref026]\]. Inversely, c-Myc has a direct inhibitory effect on expression of miR-22 \[[@pone.0192009.ref008]\]. Simultaneously, the role of this miR-22 in OSCC remains unclear. Therefore, we also interest the role of miR-22 in OSCC. In our findings, miR-22 is downregulated in arecoline-treated OSCC cells. These results reveal for the first time that arecoline downregulates miR-22. It is possible that arecoline downregulates miR-22 via arecoline-induced c-Myc upregulation. The predictive mRNA target of miR-22 was analyzed by *in silico* method and OSM was shown to be a very attractive target of this miRNA. In the present study, we found an inverse correlation of miR-22 and OSM expression in arecoline-treated cells and miR-22-overexpressing OSCC cells. Expectedly, the OSM 3′UTR WT is directly target for miR-22 but not OSM 3′UTR Mut. Part of the seed sequence of miR-22 could be recognized in the OSM 3′UTR sequence. Therefore, this is the first report suggests that arecoline can upregulate OSM expression by suppressing miR-22. In addition, miR-22 can suppress the proliferation, migration and cell-cycle progression in OSCC cell lines. Corresponding with a previous report, miR-22 suppressed cell proliferation and motility of tongue SCC cells \[[@pone.0192009.ref036]\]. Reduced OSM by miR-22 overexpressing OSCC cells may be involved in cell proliferation and migration \[[@pone.0192009.ref037]\]. Moreover, OSM has been found to upregulated c-Myc expression in breast cancer cell lines, led to induction of the epithelial-mesenchymal transition (EMT), resulting in tumor progression \[[@pone.0192009.ref038]\]. So it seems that arecoline-induced c-Myc dyregulation may impact on miR-22 repression targeting OSM that possible promote the proliferation and cell-cycle progression in OSCC. However, the role of OSM in OSCC need to more clarified. From the overall results may suggest that arecoline inhibited a tumor suppresser effect of miR-22 targeting OSM, subsequently promoting cell proliferation and cell-cycle progression in OSCC.
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293FT

:   Human embryonic kidney 293FT cell line

EMT

:   Epithelial-mesenchymal transition

FBS

:   Fetal bovine serum

miR

:   microRNA

MTT

:   3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyl tetrazolium bromide

Mut

:   Mutant

OSCC

:   Oral squamous cell carcinoma

OSM

:   Oncostatin M

PBS

:   Phosphate-buffered saline

RT-PCR

:   Real time polymerase chain reaction

UTR

:   Untranslated region

WT

:   Wild type
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